Abstract. The presence of grain boundaries in single crystal castings is intolerable owing to the detrimental impact on creep and fatigue behaviour. Whilst the origins of many defects such as freckles have been understood since the 1970s, other defects such as slivers, or indeed the small mosaicity observed in many castings have eluded comprehensive treatments. In the present work, in situ X-ray imaging has been used to examine the origin of misorientation defects that arise during solidification. Dendrite deformation was observed, which impacted growth characteristics and led to a permanent misoriention. Digital image correlation analysis showed the dendrites becoming increasingly bent as solidification progressed. In order to probe the deformation modes further, a method was devised to convert standard EBSD data into measurements of bending and torsion angle. It was demonstrated that such defects form as the result of bending moments arising from differential thermal contraction and gravity.
Introduction
Grain boundaries are axiomatically problematic in single crystal castings. Thus, there is a strong need to mitigate such defects through improvements in processing technology. In the casting process, there are three potent mechanisms by which misorientation defects can arise: i nucleation of multiple grains ii fragmentation of existing solid iii unrecovered deformation of existing solid.
Thus, in order to tackle the problem of stray grains in a satisfactory manner, it is necessary to fully understand these three phenomena. From an experimental perspective, deformation during solidification is difficult to observe and quantify [1] . From a modelling and simulation approach, the change in geometry as a result of solidification needs to be incorporated into flow and structural solvers. Both of these present challenges that are not easily overcome.
Sliver defects occur regularly in directionally solidified single crystal castings (Fig. 1) . They are elongated grains that extend along the solidification axis. Previous investigations showed that they are particularly prevalent at reductions in cross sectional area, and potentially linked to the presence of oxide residue [2] . This finding was corroborated by D'Souza and co-workers who were investigating novel mould geometries for seeded castings. a Corresponding author: j.aveson@fnc.co.uk They found that sliver grains emanated from constricted channels that were designed to act as simplified grain selectors [3] . Investigations using finite element modelling and electron microscopy identified that the sliver defects formed at regions of high stress during solidification, and that the oxide defects found played no role [4] .
Modelling and simulation, combined with ex situ micro structural characterisation have been used for many years to understand how solidification defects arise. However, in the last 15 years, radiographic investigation of solidification phenomena has become increasingly popular [5] . This allows for direct observation of microstructures as solidification progresses. In particular, it has been used to examine dendrite fragmentation in aluminium alloys, a phenomena only previously accessible by post mortem characterisation [1] .
The purpose of the present study is to experimentally link in situ observation of deformation during solidification by radiography with electron backscattered diffraction mapping. This allows for the assessment of the underlying microstructural phenomena leading to the formation of macroscopic defects.
Methods
The aim of the present work was to experimentally investigate deformation of dendrites during solidification of the nickel-based superalloy CMSX-4. Two approaches were taken: solidification radiography was performed at the European Synchrotron Radiation Facility to provide time resolved images of the solidification process and electron backscattered diffraction, to provide quantitative information about the dendrite misorientation across the casting.
Radiographic imaging was performed at the BM05 beam line of the European Synchrotron Radiation Facility. Thin sheet-like specimens (40 mm × 6mm × 0.3 mm) were placed in BN coffins and sealed with Mo clips. These were mounted in a bespoke Bridgman furnace with long axis pointing vertically upward and the thin axis facing the beam, shown in Fig. 2 . The furnace has been described in detail elsewhere [6] . Images were recorded with a frequency of 0.2Hz using a Fast Readout Low Noise (FReLoN) CCD camera.
In order to improve contrast and provide background correction, pixel-wise image division was performed using a reference image of homogenous liquid. This was the only image processing applied to improve the quality of the images without leaving artefacts. The noise within the image was typically of the same length scale as the secondary dendrite arms, prohibiting smoothing in the Fourier domain.
Digital image correlation (DIC) was performed on the recorded images to provide information on the evolution of the strain field during solidification. The "Strainmaster" module within the DaVis software from LaVision GmbH was used for the analysis. This process uses standard optimisation methods to find the transformation that most closely maps one image onto another, by performing minimisation in the least squares sense. In the images shown, the rotation component of the displacement tensor is shown. The images acquired were treated using the sum of differential method, whereby the displacement vector field is calculated by summing the previous displacement vectors. When viewing dendrites, this has the effect of highlighting any bending within the plane of the image. Electron backscattered diffraction was performed on castings of the form shown in Fig. 1 . Sections were taken through the axis of the casting in the channel. The metal was ground and polished using SiC paper, 3 µm and 1 µm diamond suspensions, and finally colloidal silica. The specimen was examined on a JEOL 840 scanning electron microscope with an Oxford Instruments hkl Channel 5 EBSD system. Data analysis was performed using a bespoke routine coded in MATLAB. The steps in the calculation are shown in Fig. 3 . The first stage is to convert the data to a quaternion description where the rotations are described by a unit vector with four parameters. This makes it straightforward to reduce the data from the 24 possible zones in cubic symmetry, down to a single zone. From here, the orientations can be averaged by taking the arithmetic mean of each of the parameters. This corresponds to the seed orientation. The angle between the primary axis of the seed and that at each pixel can be calculated using the scalar product. This corresponds to the angle through which a dendrite must have bent. By applying a rotation about the cross product of the primary axes of the seed and the measurement, such that they are brought to co-incidence, the secondary angle -the torsion angle -can be calculated. The detailed mathematics of the operation are given in Reference [4] . Figure 4 shows the results of the DIC analysis performed on a sequence of radiographs taken during solidification. A pair of dendrites can be observed, growing from left to right. The colour overlay shows the magnitude of rotation about an axis coming out of the plane of the paper. In the colour version of the image, a rotation in an upwards sense is shown in red, and a rotation in a downwards sense is shown in blue. It can be seen that there is significant The EBSD analysis gives a complementary picture of the deformation occurring during deformation. The two maps in Fig. 5 show the angle through which a dendrite has bent and twisted, as calculated using the method described in Section 2 and shown schematically in Fig. 3 . In the orientation maps, the underlying dendrite microstructure can be clearly seen. This shows that the dendrites are of a different orientation to the surrounding interdendritic material. Examining the two maps, it can be seen that the extent of bending is significantly higher than that of torsion. Furthermore, the differing orientations are observed in clusters as highlighted in the map of bending.
Results
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Discussion
The combined picture from electron backscattered diffraction and X-ray radiography provides useful insight into the mechanics of dendrites during solidification. In two different specimen geometries, it can be seen that dendrites act as cantilever beams, and are anchored where they are surrounded by solid interdendritic material, as shown schematically in Fig. 6 . This can be clearly seen in the DIC data, which shows misorientation accumulating along the length of primary dendrite arms. This is arguably the mechanism underlying the similar misorientation patterns measured by EBSD by Newell et al. [7, 8] . Furthermore, it has recently been concluded elsewhere that sliver defects are a result of bending moments arising on dendrites from differential thermal contraction between mould and metal [4] . The direct observation of dendrite showing cantilever behaviour in the same alloy under similar processing conditions supports this conclusion.
Thus, when dendrites deform in the mushy zone, either elastically or plastically, as the interdendritic solidification front progresses, any residual deformation in the dendrite arm will be frozen in. This explains the result shown in Fig. 5 , where dendrites have a different orientation to the interdendritic material. In addition, it was noted that patches of increased rotational activity could be seen where secondary dendrite arms from the neighbouring dendrites impinged on each other. Orientation clusters corresponding to neighbouring dendrites were also seen in the electron backscattered diffraction data. This shows that loads are readily transferred from dendrite to dendrite via impinged secondary arms. This leads to the collective motion of dendrites as a result of thermal loading, either from differential thermal contraction between mould and metal, or from self-stresses in the mushy state.
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MATEC Web of Conferences
This pair of findings is likely to be of practical relevance in the casting of single crystal turbine blades. The in situ observation of solidification validates some of the assumptions and inferences made from EBSD and finite element simulations. These showed that whilst microstructural considerations such as the inclination of dendrites on the mould wall were important, sliver defects could be predicted as being more likely to occur where high stresses were experienced in the freshly solidified metal. Recent investigations indicated that extensive plastic deformation imparted to a casting at high temperatures can be responsible for subsequent recrystallisation during homogenisation heat treatments [9] . An additional boon of using casting simulation to avoid recrystallisation defects is that the same criteria will similarly evade sliver defects.
Summary
The use of synchrotron X-ray radiography, in combination with more traditional experimental tools, offers the possibility of distinguishing underlying mechanisms of defect formation at a conceptually finer scale. This study has found that the notion that dendrites deform as cantilever beams is correct. It has also shown load can be transferred between dendrites where secondary dendrites converge, leading to elevated deformation at these sites.
